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Symbols and Abbreviations

My A(A\,T)
v,y
e(t,T)

(M)

AL A2

spectral emissive power of a black-
body at temperature T and wave-
length A

phase identification

total normal emittence at tempera-
ture T

room-temperature spectral near-
normal emittance at wavelength A

Bragg angle

lower and upper wavelength limits,
respectively, of experimental data

iii

A

EDXA
HYMETS

ODS
R.I
SEM
TEM
TPS
XRD

wavelength increment of experimen-
tal data

energy-dispersive X-ray analysis

hypersonic materials environmental
test system

oxide dispersion strengthened
relative intensity

scanning electron microscopy
transmission electron microscopy
thermal protection system

X-ray diffraction



Summary

Recently developed superalloys that form alumina
coatings have a high potential for heat shield appli-
cations for advanced aerospace vehicles at tempera-
tures above 1095°C. Both INCOLOY! alloy MA 956,
an iron-base oxide-dispersion-strengthened alloy, and
CABOT? alloy No. 214, an alumina-forming nickel-
chromium alloy, have good oxidation resistance and
good elevated temperature strength. The oxidation
resistance of both alloys has been attributed to the
formation of a thin alumina layer (a-AlzO3) at the
surface. Emittance and oxidation data were obtained
for simulated Space Shuttle reentry conditions using
a hypersonic arc-heated wind tunnel. The surface
oxides and substrate alloys were characterized us-
ing X-ray diffraction and scanning and transmission
electron microscopy with an energy-dispersive X-ray
analysis unit. The mass loss and emittance charac-
teristics of the two alloys are discussed.

Introduction

Radiatively cooled metallic heat shields are can-
didates for the thermal protection system (TPS) of
advanced reusable reentry vehicles. Among the im-
portant material requirements for this application are
long-term oxidation resistance, surface emittances of
0.8 or higher, low catalytic activity of the surface to
the recombination of dissociated oxygen and nitrogen
present in the boundary layer, and high-temperature
strength (refs. 1 and 2). Preliminary results have
indicated that except for the low catalytic activity,
commercially available alloys of the nickel-chromium
family might meet these performance requirements
for temperatures up to about 1095°C (refs. 3 to
5). For temperatures above 1095°C, however, the
strength and oxidation resistance requirements have
led to consideration of more advanced materials such
as oxide-dispersion-strengthened (ODS) alloys and
superalloys that form protective surface coatings in
oxidizing environments. INCOLOY alloy MA 956
(MA 956) and CABOT alloy No. 214 (Cabot-214)
were selected as alloys representative of advanced
materials that might be suitable for TPS applications
at temperatures above 1095°C.

MA 956 is an ODS, Fe-Cr-Al-Ti alloy produced by
mechanical alloying (ref. 6). This alloy is strength-
ened by a yttrium oxide dispersoid that remains sta-
ble at temperatures up to the melting point of the
material. This alloy combines strength at high tem-
peratures with excellent resistance to oxidation, car-
burization, and hot corrosion. Good dynamic oxi-
dation resistance of MA 956 to reentry conditions

1 INCOLOY: Trademark of Inco Alloys International, Inc.
2 CABOT: Trademark of the Cabot Corporation.

was demonstrated by reference 7. The favorable
corrosion resistance results from the formation of a
highly adherent alumina film. The catalytic activity
of MA 956 exposed to reentry conditions was also
shown to be lower than that of a nickel-chromium
alloy (ref. 7).

Cabot-214 is a wrought, Ni-Cr-Al-Fe alloy that
has excellent oxidation resistance at high tempera-
tures. Its superior oxidation resistance is attributed
to the tenacious and protective alumina film that
forms at the surface.

The present research investigated the oxidation
characteristics and radiative properties of MA 956
and Cabot-214 for simulated Space Shuttle reen-
try conditions. Oxidation and emittance data were
obtained for specimens exposed to simulated reen-
try conditions at a surface temperature of 1095°C
using a hypersonic arc-heated wind tunnel. The
surface oxides and substrate alloys were character-
ized using X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM) with an energy-dispersive
X-ray analysis (EDXA) unit, and transmission elec-
tron microscopy (TEM) with an EDXA unit. Mass
change measurements and emittance measurements
were made on the specimens exposed to simulated
reentry conditions.

Experimental Procedures

Test Specimens and Exposure Facility

Test specimens of MA 956 and Cabot-214 were
stamped from 0.6-mm-thick sheet and 0.3-mm-thick
sheet, respectively. The specimens were disks 25 mm
in diameter with three 5- by 5-mm radial projections
spaced every 120° around the disk for mounting the
specimens during simulated reentry testing. Table I
gives the nominal chemical analyses of the materials
as provided by the vendor.

The specimens of both alloys were heat-treated
to form a submicron alumina layer at the surface
that would provide oxidation protection for the ma-
terial. The specimens were prepared for heat treat-
ment by cleaning them thoroughly to assure that
they were free of oils and then by glass-bead blast-
ing. (The bead blasting produces a highly energized
surface which, when oxidized, forms a uniform alu-
mina layer.) Subsequently, the Cabot-214 specimens
were heated in a reduced-oxygen atmosphere (Hg
with —70°C dew point) at 1095°C for 2 hr, and the
MA 956 specimens were heated in an oxidizing atmo-
sphere (air) at 1095°C for 2 hr. The very low oxygen
atmosphere for the Cabot-214 specimens functioned
as a reducing environment for a-CroO3 and as an
oxidizing environment for a-Al2O3 so that a-AlyOg3
was the preferred oxide formed at the surface.



Specimens were exposed to 0.5-hr cyclic oxida-
tion tests at 1095°C in the hypersonic materials en-
vironmental test system (HYMETS) at the Langley
Research Center, which provides a high-temperature
flowing-air environment simulating “Space Shuttle
type” reentry conditions. The HYMETS facility is
a 100-kW constrictor arc-heated wind tunnel. Fig-
ure 1 shows a schematic diagram of the test setup,
which consists of a segmented constrictor arc heater,
a test chamber with three model insertion stings, and
continuous-duty vacuum pumps. Specimens were
mounted on stagnation model adaptors attached to
the insertion stings. Another sting contained a
water-cooled heating rate and pressure probe that
was used to measure the cold-wall heating rate and
the surface pressure. The test gas was a mixture
of air plus nitrogen and oxygen in ratios equivalent
to air. High-purity nitrogen was introduced at the
downstream end of the cathode, and air and high-
purity oxygen were introduced in the plenum and
mixing chamber.

The HYMETS nominal operating conditions for
simulated reentry testing of the specimens are given
in table II. The test conditions utilized here did not
provide for full simulation of the Space Shuttle reen-
try environment. The heat flux, the most critical
response parameter, was representative of the reen-
try environment, but the surface pressure and free-
stream enthalpy were one-half to one-fourth the lev-
els actually encountered on Space Shuttle reentry.

Analysis of Oxidation

Weight changes of specimens were determined by
weighing specimens before and after simulated reen-
try exposure. These weight changes were normalized
to the total surface area of the specimen. The mor-
phology of specimen oxides was studied using scan-
ning electron microscopy, energy dispersive X-ray
analysis, X-ray diffraction analysis, and transmission
electron microscopy.

Radiative Property Measurement

Room-temperature, near-normal reflectance mea-
surements were made on preexposure and postex-
posure specimens using a Gier Dunkle DB100 re-
flectometer, a Perkin-Elmer Model 330 spectropho-
tometer with a Hitachi Model 320 integrating sphere
(60-mm diameter), and a Gier Dunkle Model
HCDR 3 heated-cavity reflectometer. The DB100
reflectometer measured the total room-temperature
reflectance. The spectrophotometer with an integrat-
ing sphere was used to make spectral reflectance mea-
surements over the wavelength range from 0.875 to
2 pm, and the heated-cavity reflectometer was used
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to make spectral reflectance measurements over the
wavelength range from 2 to 25 yum. The reflectance
data were used with Kirchhoff’s law to arrive at cor-
responding values of emittance. The spectral data
were then integrated numerically using the following
equation:

SAZ €(A) Mya(\,T) AA
532 My A (A, T) AX

€(t,T) =

where €(t, T') is the total normal emittance at temper-
ature T, A1 and A9 are, respectively, the lower and
upper wavelength limits of the experimental data,
e(A) is the room-temperature spectral near-normal
emittance at wavelength A, My (A, T) is the spec-
tral emissive power of a blackbody at temperature T’
and wavelength A, and A\ is the wavelength incre-
ment of the experimental data.

Results and Discussion

Oxidation Characteristics

Weight changes after reentry exposure were mea-
sured for both alloys. The weights gained were com-
parable. (See fig. 2.) For long exposure times the
progressive weight changes became very small, a re-
sult indicating that a protective oxide layer had been
developed on both alloys.

These weight changes were small when contrasted
with alloys that failed to develop a protective oxide
layer such as INCONEL3 alloy 617 (Inconel 617).
(See comparative data in fig. 3.) Under identical test
conditions Inconel 617 lost weight because of the loss
of chromium (ref. 8), whereas MA 956 and Cabot-214
gained weight because of the formation of a stable
oxide.

X-ray diffraction analysis of the oxidized
alloys (see table III) shows that the principal
oxidation product was corundum (a-AlyO3).
MA 956 also showed a complex hematitelike oxide,
a-(Fe,Al,Cr,Ti)203, after the first reentry cycle. Af-
ter 7.5 hr of reentry exposure, Cabot-214 showed con-
tamination of the corundum by chromium oxide.

In MA 956, hematite and corundum were present
before any reentry exposure. (See fig. 4.) These
had been formed during the oxidizing heat treatment.
The hematite peak was shifted to higher angles, an
effect indicating a solid solution of this phase with
oxides of titanium and aluminum. The corundum
peak was near the peak position for pure corundum
but showed a slight shift to lower angles, an out-
come indicating a solid solution of this phase with

3 INCONEL: Trademark of Inco Alloys International, Inc.
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small amounts of the oxides of iron, chromium, or
titanium. After the first 0.5-hr reentry cycle, the
hematite peak was smaller and the corundum peak
was slightly larger. After 7.5 hr of reentry expo-
sure, the hematite had disappeared and the corun-
dum peak, which had continued to become larger,
showed a perceptible shift to lower angles that cor-
responded to 2 percent chromium oxide and 2.5 per-
cent iron oxide, as determined by EDXA of individual
crystals in the TEM.

The X-ray diffraction patterns for Cabot-214 are
shown in figure 5. Corundurm was present in all three
patterns. In the pattern for O-hr reentry exposure,
there was a slight increase in the X-ray intensity
over a broad region midway between the 26 positions
(where 6 denotes the Bragg angle) for a-CroO3 and
a-Al;O3. This was a statistically significant signal
that was attributed to a small quantity of chromium-
aluminum oxide solid solution having a range of
composition centered at 50 molar percent a-AlsOg
and 50 molar percent a-CroO3. After the first 0.5-
hr reentry cycle, the chromium-aluminum oxide solid
solution had disappeared and the corundum peak
had begun to show compositional broadening toward
lower angles, a result indicating the formation of a
solid solution with chromium oxide. After 7.5 hr
of reentry exposure, considerable contamination of
the corundum by chromium was evident. Analysis
of this compositional broadening using the technique
described in reference 9 indicated that 50 molar
percent a-CroQOg3 was present in the corundum solid
solution at the metal-oxide interface and none was
present at the surface. This chromium oxide gradient
was probably due to the formation of volatile CrOg3 at
the surface (ref. 10). The small shift in the corundum
peak of MA 956 and the extensive compositional
broadening of the corundum peak of Cabot-214 can
be rationalized on the basis of the limited solubility
of hematite in corundum and the complete solubility
of eskolaite (-CroO3) with corundum (ref. 11).

Before any reentry exposure, the oxide layer on
MA 956 appeared to be a nearly continuous array of
small corundum and hematite spheres in the SEM.
(See fig. 6.) After the first 0.5-hr reentry cycle, small
and large spheres were seen. The EDXA (see ta-
ble IV(a)) indicated that the small spheres were rich
in aluminum and the large spheres were rich in iron.
This specimen had a reddish tinge that may have
been due to the hematite. After 7.5 hr of reentry
exposure, the large spheres had disappeared. Thin
flakes projecting from the corundum layer were vis-
ible. Extraction replicas taken from this specimen
and observed in the TEM suggested that the flakes
were a-Al;O3. Needlelike particles were also ob-
served in the extraction replicas. The EDXA of

these needles indicated that they consisted of 92 to
98 percent titanium oxide and 2 to 8 percent iron ox-
ide. X-ray and electron diffraction analyses indicated
that the needles had the anosovite (TiO2-TizOg3)
structure.

Before any reentry exposure, the oxide layer
on Cabot-214 appeared to be partially covered by
“sheetlike” platelets of oxide that were 2 to 5 pm in
width. (See fig. 7.) The EDXA (see table IV(b)) in-
dicated that there were compositional differences be-
tween the light and dark regions. After the first 0.5-
hr reentry cycle, there still appeared to be thin spots
in the oxide layer. After 7.5 hr of reentry exposure,
however, the oxide layer appeared to be uniform.

Radiative Properties

Table V presents data for individual specimens in-
cluding simulated reentry exposure time and
total near-normal emittance results determined
from room-temperature reflectance data. Room-
temperature and 1095°C emittance data before and
after exposure to simulated reentry conditions are
tabulated. Two sets of room-temperature emittance
data are shown. The data sets labeled “DB100” were
calculated from room-temperature total reflectance
measurements made with a Gier Dunkle DB100 re-
flectometer. (The sum of emittance and reflectance
is unity for an opaque specimen.) The data sets la-
beled “summed” (at room temperature and 1095°C)
were calculated from the room-temperature spec-
tral reflectance data using equation (1). The room-
temperature emittance derived from the spectral
data was about 0.03 greater than the values deter-
mined with the DB100. The greater value of to-
tal emittance from the spectral data resulted from
the fact that the spectral apparatus covered a wider
wavelength range (from 0.875 to 25 pm) that in-
cluded regions of higher emittance than does the
DB100 (from 10 to 15 pm).

Figures 8 and 9 show the change in spectral emit-
tance of MA 956 and Cabot-214, respectively, with
exposure to simulated reentry conditions. Both al-
loys experienced changes in spectral emittance with
reentry testing at wavelengths greater than 10 pgm
that were attributed to changes in the oxide com-
positions and structure. In the wavelength region
of greatest significance for radiative heat transfer
in heat shield applications (less than 10 pm), the
emittance of both alloys varied with wavelength in
a fashion more orderly than at longer wavelengths.
The data in table V show that the total near-normal
emittance of MA 956 was about 0.70 and did not
change appreciably with exposure to simulated reen-
try conditions, and the total near-normal emittance
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of Cabot-214 decreased slightly with exposure to sim-
ulated reentry conditions from about 0.65 to about
0.57.

The spectral characteristics of both MA 956 and
Cabot-214 were the result of multiple phenomena.
The very thin oxide layer at the surface was primarily
a-AlsO3 which has a uniformly high transmittance
at wavelengths below 10 um (ref. 12), with the re-
sult that the radiative properties in that wavelength
range were governed primarily by the substrate. At
longer wavelengths the transmittance of the oxide
layer was low (ref. 12}, with the result that the ra-
diative properties were determined by the properties
of the oxide and the substrate.

Figure 10 shows a comparison of the high-
temperature total near-normal emittance of MA 956
and Cabot-214 with published data for HAYNES#
alloy No. 188 (Haynes 188) (ref. 5) and Inconel 617
(refs. 5 and 8). Haynes 188 and Inconel 617 were
high nickel-chromium-content alloys that formed
mixed oxides of Ni and Cr and generally had high-
temperature emittances of about 0.8, as shown in
figure 10. The emittance for MA 956 and Cabot-214
was significantly less than 0.8, which is the accepted
minimum value for TPS surfaces. The low emittance
of MA 956 and Cabot-214 points to the need for emit-
tance enhancement of the surface oxide layer in the
wavelength region below 10 pm to assure their suc-
cessful use in heat shield applications.

Concluding Remarks

The oxidation and emittance characteristics of
INCOLOY alloy MA 956 (MA 956), an iron-base
oxide-dispersion-strengthened alloy, and CABOT al-
loy No. 214 (Cabot-214), an alumina-forming nickel-
chromium alloy, were evaluated for thermal protec-
tion system applications in advanced reentry vehi-
cles. The oxidation resistance of MA 956 and Cabot-
214 was good compared with that of other superal-
loys. Although MA 956 formed some hematite that
was eventually lost and the a-AlyO3 layer in Cabot-
214 formed a potentially deleterious solid solution
with chromium from the substrate metal, neither al-
loy experienced any significant failure of the protec-
tive a-AlpOg3 layer. The emittance values of these
alloys (0.7 for MA 956 and 0.6 for Cabot-214) were
significantly below the goal of 0.8 set for thermal
protection system surfaces. This indicates the need
to develop high-emittance coatings that will not de-

4 HAYNES: Trademark of the Cabot Corporation.

grade the excellent oxidation resistance of alloys of
this type.

NASA Langley Research Center
Hampton, VA 23665-5225
March 10, 1986
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TABLE 1. NOMINAL CHEMICAL ANALYSES OF MA 956
AND CABOT-214

! MA 956 Cabot-214
Weight, Weight,
Element percent Element percent
Fe 75.5 Ni 76.5
Cr 19.3 Cr 16.0
Al 4.3 Al 4.5
P oy .5 Fe 3.0
| Ti | 4 by .04
2Present as Yo03 in MA 956.
bMaximum.

TABLE II. HYMETS OPERATING CONDITIONS FOR
SIMULATED REENTRY EXPOSURE OF SPECIMENS

Specimen surface temperature, °C . . . . . . . . . 1095
Surface pressure, Pa . . . . . . . . . . L. 800
Free-stream Mach number . . . . . . . . . . . .. 3.5
Free-stream enthalpy, MJ/kg . . . . . . . . . .. 9

Cold-wall heating rate, kW/m2 . . . . . . . . . .. 300



TABLE III. PHASES IN THE INITIAL AND SIMULATED REENTRY EXPOSED
MA 956 AND CABOT-214 AS IDENTIFIED BY X-RAY DIFFRACTION

a-Al, O3

Ca-(Al,CI‘)gOg

a-Als O3

Alloy Initial product After 0.5 hr After 7.5 hr
MA 956 a-(Fe-Cr-Al-Ti) a-(Fe-Cr-Al-Ti) a-(Fe-Cr-Al-Ti)
a-Alp03 (corundum) a-Aly03 a-Aly O3
%a-(Fe,Al,Cr,Ti)203 a-(Fe,Al,Cr,Ti)203
Cabot-214 | (v ++)-(Ni-Cr-Al-Fe) | (y++)-(Ni-Cr-Al-Fe) | (v + +')-(Ni-Cr-Al-Fe)

b0-(Al303-Cry03)

?Solid solution of FesO3, AlpO3, Cra03, and TizOs3. It is essentially a-FeaO3 (hematite),

but the exact composition is uncertain.

bSolid solution whose composition varied from 50 molar percent a-CraOgz at the metal-
oxide interface to 100 percent a-Al;Os3 at the free surface.
“Solid solution of 50 molar percent a-Cry0O3 and 50 molar percent a-AlyOs3.
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TABLE IV. EDXA COUNTS FOR MA 956 AND CABOT-214 IN

VARIOUS CONDITIONS
(a) MA 956
EDXA counts for—
Region Al Fe Cr
Initial:
Small spheres 478 x 10? 43 x 10? 22 x 10
After 1 cycle:
Small spheres 455 x 102 66 x 102 25 x 102
Large spheres 48 348 15
Between spheres 294 119 53
After 15 cycles:
Small spheres 505 x 102 24 x 102 22 x 102
Between spheres 378 93 44
(b) Cabot-214
EDXA counts for—
Region Al Cr Ni Fe
Initial:
Bright region 290 x 102 59 x 102 128 x 102 3 x 102
Dark region 82 103 260 10
After 1 cycle:
Bright region 310 x 102 56 x 102 116 x 102 4 x 102
Dark region 330 35 105 3
After 15 cycles:
Bright region 440 x 10? 3 x 102 5 x 102 0
Dark region 370 28 57 0




TABLE V. SUMMARY OF NEAR-NORMAL EMITTANCE RESULTS FOR MA 956 AND
CABOT-214 ALLOYS

[Blank spaces indicate that no data were taken)]

%Reentry Initial emittance Final emittance
exposure Room temperature 1095°C Room temperature 1095°C
Material Specimen | time, hr | °DB100 |°Summed |°Summed ’DB100 [°Summed |°Summed
MA 956 M590 0 0.54 0.56 0.69 0.54 0.56 0.69
M582 .5 .53 .58 72
M527 .5 48 .52 .57 71
M562 2.5 .51 .56 .59 .72
M504 5.0 47 .52 .58 .66
M513 7.5 .49 .55 .58 71
M506 7.5 .46 .53 .55 .67
M514 7.5 47 .55 .58 .74
Cabot-214 C15 0 0.41 0.43 0.65 0.41 0.42 0.65
C30 0 43 .64 43 .64
C18 5 .45 .46 .48 .60
C87 2.5 .50 .51 .54 .62
C8 5.0 48 .49 .53 .61
C90 7.5 48 .51 .58
Ch2 7.5 .36 43 A48 .54
C76 7.5 46 .49 .52 .60

%Exposure time was comprised of 0.5-hr tests under simulated reentry conditions at 1095°C.

bGier-Dunkle DB100 room-temperature total-reflectance reflectometer.

®Total emittance was calculated using room-temperature spectral reflectance data from a Perkin-Elmer
Model 330 spectrophotometer with Hitachi Model 320 integrating sphere and a Gier Dunkle Model HCDR 3
heated-cavity spectral-reflectance reflectometer.
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Figure 9. Variation in room-temperature spectral emittance of Cabot-214 with reentry exposure time.
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Figure 10. Comparison of emittance at exposure temperature for MA 956 and Cabot-214 with literature results

for other alloys.
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